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Research highlights
 a new methodology for optimal management of energy systems is proposed  critical excess of electricity production is reduced by optimizing the energy flows  at the same time, the curtailment from the RES can be decreased 
Nomenclature

Introduction
A heavy dependence on fossil fuels and severe water scarcity are common issues in a number of arid countries and regions. At the same time, these countries have sufficient renewable potential for sustainable desalination [1] . Direct use of RES in desalination is currently used only in satisfying lower demands in rural off-grid areas [2] , [3] , [4] , but application on bigger areas has recently been investigated [2] , [5] . In literature there are many papers dealing with sustainable desalination [6] and more efficient desalination process, like the role of thermal and electrical storages in RES-driven desalination process [7] , thermo economic optimization [8] , optimization of flow patterns [9] , use of low-grade heat source for powering the desalination unit [10] or modelling of energy systems with close integration of renewables and desalination [11] , [4] , [12] , [13] . Since one of the residues of the desalination process is brine, a brine reservoir is needed in the system. Brine can also be used as a medium for pumped storage, as already presented in [11] , [14] , [15] . Management of the brine pumped storage follows the same logic as water pumped storage and is related for utilization of energy from renewables [16] and performing energy arbitrage [17] . The role of energy storage system for integration of RES was investigated for the wind power [18] , [19] , [20] and the PV [21] , [22] .
Optimal design and techno-economic performance of solar-wind-pumped storage for power supply was presented in [23] .
This paper is a continuation of the previous work where the impact of desalination on the penetration of renewables in a combination with brine operated pump storage was analysed for Jordan's current system [11] and possible scenarios for its development [15] . The results of the papers have shown that the utilization of a desalination and brine operated pump storage system could increase the penetration of wind power to 32% and PV to 37% in the current and the overall penetration of intermittent RES to 76% by 2050.
The contribution of this work is to investigate if the same or at least similar results can be obtained by using the new modelling approach which takes individual energy flows of the system as control variables that have to be optimized. The goal of this novel approach is to minimize the CEEP and increase the share of RES in the overall supply by optimizing system control variables for a longer period of time if optimization horizon T is set to the values larger than one hour, which leads to better results in terms of reduction of CEEP. Increasing the T above 24 hours makes no practical sense, since weather forecast and demand patterns are usually known for one day in advance. Similar studies have already been performed for renewable microgrids with 24-hour uncertainty in environment variables [24] , [25] . Although the impact desalination has on the economy of the overall energy system can be significant, it is not the topic of this paper and will not be discussed here . This impact has been demonstrated in our previous work [15] .
1.1.Problem formulation
The energy system contains two demand streams: energy and fresh water. The problem scheme is presented in Figure 1 . During the operation; the hourly demands of fresh water and electricity have to be fully satisfied. The supply of fresh water starts from pumping of the salt water into the desalination plant. Desalination plant produces fresh water and brine. Fresh water is stored in fresh water storage and brine is stored in brine storage. Brine storage is used as a pumped storage element in the overall energy system.
Since all pumps, as well as the desalination plant, need energy for the operation, additional electricity demand is added to the initial demand. The energy produced from the installed capacities of wind, PV, brine turbine flow and the conventional power plants form the energy supply mix of the system.
Both storages, for fresh water and the brine, can be used to store excess electricity produced by the intermittent RES. This enables higher integration of renewables into the energy system. However, only the brine storage can be used as pumped storage, while water storage stores the surplus of fresh water production from the desalination unit. Consequently, the amount of energy produced from the conventional plants is reduced. Environment variables of the hourly distribution of electricity and fresh water demands, as well as distribution of available RES potential has to be known in advance which makes this problem fully deterministic, what is the usual approach in energy planning practice. In reality, environment variables are not exactly known in advance, but can be predicted, with reasonable accuracy and expectation, for no more than a single day in advance.
Mathematical model
The mathematical model is derived directly for the case study of Jordan, but can also be applied generally for any system involving the elements contained in this case. However, in order to present the model in the simplest and intuitive way, the terminology related to Jordan's case study is retained (Red sea and Dead sea).
2.1.Objective function
The objective function represents the function that summarizes all costs from the supply and demand side and therefore it has to be minimized by finding the optimal set of control variables representing the vector of energy flows e.
The cost associated to each control variable is represented by the multiplication of a control variable and its specific cost
, which means that the values of a determine the priority of supply scheme for a given system. The subscript t means that all control variables are determined for a single discrete time step. The Objective function for the optimization horizon ranging from t = 1 to t = T can be written in the following form: , as well as producing critical excess of electricity production (CEEP) from the RES
The CEEP is an excess in production of electricity that cannot be utilized with the simultaneous demand within the optimization time frame. The excess of production has to be immediately exported outside the system and it has to be driven to the lowest possible levels. In energy planning practice, it is usually set to 5% of the total annual electricity production [26] [27]. This CEEP limit represents the practical obstacle for larger integration of intermittent and non-flexible power sources, like renewables. The production of CEEP can be fully or partially offset by the use of different types of energy storage.
Detailed description of every component in the energy flow balance is described. Energy required for pumping of the salt water into the desalination plant can be assumed to be proportional to the volume flow of the salt water:
Volume flow of salt water in the desalination plant is divided into volume flow of the fresh water and the residual brine water. The ratio between these two is determined by the ratio of desalination X B :
Brine volume flow is further divided into the volume flow that can be taken by the brine storage and volume flow that has to be bypassed into the brine reservoir.
Generally, the bypass to brine reservoir should be avoided, if possible, since it represents a pure loss of potential energy of the brine. Therefore, brine volume flows are converted into control variables and added into the objective function.
The energy required for desalination is assumed to be only electric and proportional to the volume of the produced fresh water:
Energy required for desalination can also be written as a function of the demand for the salt water.
The Objective function can now be rewritten in the following form: 
Energy required for pumping brine from brine reservoir back to brine storage, as well as energy gained from turbining the brine into brine reservoir, can be calculated as proportional to the volume flow of the brine: The total number of control variables is T times larger than the number of control variables for a single hour.
2.2.Constraints
Constraints for the optimization procedure are related to the physical limitations of the system: maximum levels of all storages; maximum power and mass flow rates between system components; and given demand or available wind and solar power distributions.
Balance between the electricity supply and demand: Maximum energy that can be taken from the RES:
Constraints for the two storages in the system are related to maximum volume flow rates that can be taken by the free volume of the storages. Maximum volume flow that can be pumped into fresh water storage:
The minimum volume flow that needs to be inserted into fresh water storage has to be sufficient for satisfying the fresh water demand:
These expressions can be related to control variables (energy) by:
There is a limit for a volume flow through the pipe from desalination plant and fresh water storage:
which can be expressed in terms of control variables:
The Maximum volume flow that can be taken by brine storage from the desalination plant (related to the fresh water produced) and pumping the brine from brine reservoir is: 
There is a power limit for brine turbine flow and brine pumping:
Br P
The brine produced from the desalination plant is divided into two streams, the first goes to brine storage while the other is directly bypassed into the Red Sea. ( 27 ) Grid stabilization constraint is set according to the criteria that energy from the conventional power sources and from brine turbine flow should cover some predetermined percentage of total electricity supply, according to the expression ( 29 ) Equations represent set of constraints for optimization in time horizon T. By setting the T = 1 h the optimization procedure reduces to the commonly used merit-ordering approach.
2.3.Solution procedure
The solution of the problem is done by minimizing the objective function f, subject to inequality and equality constraints. 
Case study for Jordan
Water consumption of Jordan is only 145 m 3 per capita annually [29] , which is less than a third of the established international water poverty line of 500 m 3 per capita annually [30] . Water scarcity is a common issue in countries in the Middle East and North Africa [31] . Jordan is also facing issues when it comes to its energy system. Almost all of its primary energy comes from imported fossil fuels; with 5909 ktoe or 83.6% coming from crude oil or oil products, another 872 ktoe or 12.3% from natural gas while the remaining 283 ktoe or 4.1% represents renewables and electricity import in 2011. [32] .
When it comes to electricity production 72% has been produced from oil and 27% from natural gas, while less than 1% came from renewables in the same year [32] . Jordan's annual fuel expense exceeds 3 billion USD which is approximately 20% of its GDP for the year 2011 [33] . All of the mentioned issues will only increase if certain steps aren't made, especially considering the increase of Jordan's population by 50% until the year 2030 [34] . At the same time the increase of electricity demand is predicted to be 7.4% annually by 2020, according to its official energy strategy [35] . On the other hand, several studies have shown a high potential for the economically viable utilization of wind [36] , [37] and solar power [36] , [38] , with the payback period for wind power being as low as 6 years [39] and for solar power as low as 2.3 years [40] in some cases. The benefits of combining wind power [41] and PV [42] with desalination plants have already been discussed by many authors.
3.1.Setup
For Jordan's case study the salt water reservoir is the Red Sea and the brine reservoir is the Dead Sea.
The variations of RES penetration and associated storage sizes are investigated through various scenarios listed in Table 1 . Levels of penetration are set by the maximum theoretical share of RES covering the total demand for initial electricity and fresh water supply, Eq. (31)   % 100 power. Since the brine storage is a central element for balancing renewable energy sources, the variation of its size is also investigated. Table 1 gives an overview for the simulated cases. The setup of the system parameters is given in Table 2 . Company (NEPCO) [43] . According to [44] , the projected annual fresh water demand is 570 Mm 
3.2.Results and analysis
In order to validate the mathematical model, the results for T = 1 h are compared with results from the well-referenced EnergyPLAN tool, which provides an hourly balancing time frame for the system under investigation. It also provides the desalination module needed for this case. Finally, the analysis of the storage activity for a single scenario ( X % RES = 50 % and T Br = 12 h) is investigated. 
Comparison of results obtained for T = 1 h with results from the EnergyPLAN
Influence of the optimization horizon on CEEP reduction
The differences between the cases of PV and wind penetration are influenced by the difference between the insolation and wind distribution, as well as their intermittency rates. Brine storage, as the crucial element responsible for the larger integration of renewables, is used for utilizing the excess of energy available from the intermittent sources. Regarding the storage size, too small storage may not be used for storing significant amounts of excess renewable energy, while too big storage could stay empty and unused. In this chapter the difference between the two optimizing horizons, one day (T = 24 h) and one hour (T = 1 h) is investigated for each scenario presented in Table 1 . From the results presented in Figure 6 and Figure 7 , increasing the optimization horizon leads to the decrease of annual levels of CEEP in the supply mix. The difference is most visible for the case of PV penetration and F stab = 0.0. However, the difference between T = 24 h and T = 48 h is not very big. The decrease of CEEP in the supply mix by employing the larger opti mization horizon can be significant and even increase the conclusion on the allowed limits for RES penetration. For example, the case for PV penetration and F stab = 0.0 shows that by increasing the optimization horizon from one to 24 hours can increase the allowable limit of the installed PV from approx. 45% to approx. 49% without exceeding the annual values of CEEP over the limit of 5%. The influence of the optimization horizon on storage activity is important, since reduction of CEEP is directly proportional to the increased production from the RES which furthermore depends on the possibility for storing of the excess RES energy into the available storage capacities. Figure 10 presents time series of energy flows and storage levels for one week of the year, for the case of PV penetration.
The difference between the storage levels of brine and fresh water is clearly visible and correlated to the available wind potential and reduction of CEEP. For the case of T = 24 h level of brine storage is lower prior to increase of PV potential. When PV potential rises, the excess energy from the RES production can be stored as potential energy of the brine in the brine storage. For the case of T = 1 h the level of the brine storage is too high in order to be able to store excess of the RES production. The role of the fresh water storage is only to take the excess of water production from the desalination plant and should be sufficiently large. 
Conclusions
This paper presents the optimization method for finding the optimal energy flows in the systems with close integration of desalination and renewables. The presented method allows the use of optimization horizons larger than one hour, thus enabling better governance of the system in terms of CEEP reduction and increase in RES share in the supply mix. Results are showing that the new method provides results which are comparable with EnergyPLAN, if the optimization horizon is one hour. By increasing the optimization horizon to 24 hours and not changing either the system configuration or system environment variables, energy flows are changed in such a way that they provide lower values of CEEP and higher share of RES production in the supply mix. The crucial improvement in performance is a result of a better management of the brine storage as a central element for collecting the excess production from RES.
